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I. INTRODUCTION A. General Background and Conventional Wisdom
For high pressure (HP) turbine stages, a major source of aerodynamic loss is the tip leakage flow in the gap between unshrouded rotor blades and the casing. Generally in the open literature, the amount of tip leakage flow has been considered to be "pressure-driven" (here the term "pressure-driven" as commonly used refers to "pressuregradient-driven"): it is the pressure difference between the pressure surface side and suction surface side of a turbine rotor blade which drives a leakage flow through the clearance gap.
Among early flat tip studies, Booth et al. [1] showed that the over tip flow was analogous to the flow through an orifice plate, the contraction coefficient would also be similar to a sharp edge orifice. Moore and Tilton [2] reported that a vena contracta was evident after the flow accelerated into the gap, and a subsequent mixing occurred with a fairly uniform static pressure across the tip gap exit. Detailed flow structures within the tip gap were described by Heyes et al. [3] , Bunker [4] , and Zhou and Hodson [5] . A good summary of loss mechanisms of over tip leakage flows was given by Denton [6] . The losses related with tip leakage flow were largely separated into two parts: (i) loss that occurs inside the gap passage, (ii) the mixing loss of the leakage flow with the suction side mainstream. For the second source of losses, Denton [6] proposed a model to analyze the mixing loss of the flow ejecting from the tip gap with the mainstream. According to this model, the loss generated in the mixing between the leakage and the mainstream flow depends on the difference in the streamwise velocity between the mainstream and the leakage flow, and increases with the leakage mass flow rate.
The conventional tip designs and development of various tip loss reduction measures have been predominantly based upon the understanding described above. There are a large number of studies focusing on modeling the tip discharge coefficient for different tip geometries and flow conditions. In the early nineties, Bindon and Morphis [7] investigated the profiled tip geometry with the use of a pressure side edge radius, a suction side squealer, or a full squealer. Effects of the squealer tip on rotor heat transfer and efficiency were analyzed by Ameri et al. [8] in a numerical study. They reported no significant effect on efficiency due to the recessed tip although the over tip leakage mass flow rate is 14 percent smaller for the squealer tip as compared to flat tip. Bunker and Bailey [9] made measurements involving the addition of various tip treatments in the form of simple azimuthal and chordwise sealing strips intended to decrease tip leakage flow. Ameri [10] studied the effectiveness of the mean-camberline strip in reducing the tip leakage and the tip heat transfer as compared to a radiused edge tip and sharp edge tip. His calculations show that the sharp edge tip works best (among the cases considered) in reducing the tip leakage flow and the tip heat transfer. Camci et al. [11] carried out an experimental investigation of aerodynamic characteristics of full and partial-length squealer rims in a turbine stage. Aerodynamic performances of the suction side partial squealer and the pressure side ones were also compared. Lee and Chae [12] reported a study about the effects of squealer rim height on aerodynamic loss generation. As an alternative to the squealer, various winglet designs are employed to decrease the driving pressure gradient across the tip. Dey and Camci [13] tested different tip platform extensions (winglets) in an annular cascade to show that pressure-side extensions are highly effective in reducing the over tip leakage. Saha et al. [14] computationally investigated heat transfer and aerodynamic loss comparing different forms of winglet on flat tips and squealer tips. Harvey and Ramsden [15] showed that the winglet was a suitable alternative to a full shroud. Their calculations demonstrated that the winglet significantly reduced the overtip leakage flow and loss. Further investigations about winglet designs have also been carried out by Harvey et al.
[16] and Willer et al. [17] .
B. Problem Statement and Motivation of the Present Work
The conventional wisdom of the pressure-driven leakage flow captures the basic fluid mechanic features as commonly perceived and often observed. Its usefulness is also reflected by positive outcomes of many research efforts on the tip treatment and designs (e.g. tip squealer, winglet) guided by the pressure-driven wisdom in the past.
However two points are worth noting. Firstly most of these research efforts were made under low speed flow conditions, particularly on the experimental side. Secondly the effectiveness of the tip treatments seems to lack a consistent and conclusive trend, given the relatively large amount of efforts already made on the relatively small suction side Mach number near or above the sonic condition has also been pointed out by Harvey [21] . In recent years, the existence of choking and shocks within the tip gap has been identified by Green et al. [22] , Molter et al.
[23], and Tallman et al. [24] from one and a half stage, high pressure, transonic turbine.
Given the fundamental flow characteristics, pressure disturbances downstream of the choked region can no longer affect the flow upstream. In this case the tip leakage mass flow in the corresponding path is not a function of the suction side pressure any more. Clearly, the conventional wisdom based on the pressure difference between the two sides of the blade surfaces will no longer be valid, at least locally. The applicability of the conventional pressure driven wisdom then depends on how large the choked region would be. Hence the detailed over-tip flow field matters.
Zhang et al. [25] reported the first-of-the-kind detailed experimental evidences of the heat transfer stripe distributions caused by shock wave structures over the tip. Backed up by the experimental results, their virtual Schlieren visualizations in a CFD analysis clearly demonstrated that the stripe variations of heat flux correspond to those flow features associated with the over-tip shock system. Most recently, the over tip choking and shock structure were reported for a shroudless flat tip (Zhang et al. [26] ), and even a modern winglet tip design (O'Dowd et al. [27] ). Similar results have also been reported by Shyam et al. [28, 29] in their numerical study for a highly The present computational analysis using an extensively developed CFD code which has been recently validated for transonic blade tip configurations [25] , [26] , [31] should shed some light on this primary issue. Furthermore, one may ask, are there any advantageous implications if a leakage flow is made choked? A further case study is also carried out to show that there might be a feasibility of exploiting tip choking in blade designs.
II. Computational Method and Validation
The Rolls-Royce HYDRA suite was employed in the present numerical predictions. The core of the software is a preconditioned time marching solver of the Reynolds-averaged Navier-Stokes equations (RANS) [32] . The equations are discretized in space using a 2 nd order edge based finite volume scheme and integrated in time using a multi-stage Runge-Kutta scheme. The time marching integration is accelerated by the multi-grid and local time stepping as standard techniques for steady flow solutions. Unsteady flow solutions can be obtained either in time domain using the dual time stepping or in a frequency domain using a harmonic formulation. In the present work, steady RANS calculations are performed and the standard Spalart-Allmaras (SA) turbulence model [33] was implemented. The conventional boundary conditions for turbomachinery flow calculations are used. The stagnation pressure, stagnation temperature and flow angle are specified at inlet, and the static pressure at exit. [31] . HYDRA numerical predictions give overall good agreement, as shown in Fig 2b. Generally, the sizes and magnitudes of the over tip leakage loss core are similar in both Fig. 2a and 2b .
It is worth noting that the trend of tip heat transfer has also been well predicted by the HYDRA code, as reported by Zhang et al. [25] . Overall the HYDRA's predictive capability for transonic tip heat transfer and aerodynamics as illustrated here and in other recent studies is satisfactory and gives sufficient confidence in using the solver for computational studies.
III. Analysis of Over-Tip Choking and Its Implications
Firstly the basic flow patterns are examined for this nominal transonic flow conditions (1% tip gap). In particular, the flow within the tip gap is compared with that of the main blade passage. Figure 3 shows the isentropic For an ideal compressible fluid, the choking mass flow rate is solely determined by the upstream flow capacity, and in this case, it is that on the pressure surface side:
In addition to the effective throat area within a fixed tip gap, it is only the pressure surface side total pressure and total temperature which determine the tip leakage mass flow. The over tip leakage flow mass flux is no longer determined by the pressure difference across the blade tip for a large portion of the tip surface, which is in contrast to the "pressure-driven" conventional wisdom as introduced earlier.
Compared with an un-choked over tip leakage flow at a low speed condition, the over tip choking would be expected to bring about different flow patterns with corresponding loss generation mechanisms within the tip gap.
For a comparison purpose, two calculations at lower flow speeds were carried out for the same configuration. The Reynolds numbers are kept largely the same by scaling the blade profile, only the exit Mach number is varied. It must be recognized that a quantitative comparison for a given tip configuration is virtually impossible. As the flow velocity changes, the effect of the compressibility would change (even without a shock wave), hence a detailed reprofiling will have to be had to match the non-dimensional load distribution. Due to the different tip geometry (blade thickness in particular), a re-profiled blading matching the loading (non-dimensional pressure difference) will inevitably mismatch the tip pressure gradient and hence the OTL flow. Therefore the comparison in the OTL performance among different flow conditions can only be regarded as qualitative, and the option of using the same blading without reprofiling is taken here for its simplicity. Table 1 gives the detail conditions for all three cases discussed next. Figure 6 presents the normalized 'pressure-driven mass flux'  along the axial chord for three exit Mach numbers investigated. For the pressure driven mechanism to dominate the tip leakage flow, the distribution of  should be independent of Mach numbers. For the first half of the tip, the normalized mass flux ratios are largely independent of exit Mach numbers. This is as expected because, for all three cases investigated, the flow within the frontal region is subsonic and should be driven by the pressure gradient across the tip surface. Similarly, for the two subsonic cases (M = 0.37 and 0.54),  curves are also largely overlapping for the rear half of the blade. The good agreement among the three cases for the frontal half of the blade is quite remarkable, justifying the approach taken here to compare the OTL flow at different velocities for the same blading, recognizing that the detailed blade loading distributions for these three cases are different due to the compressibility effect as discussed above.
On the applicability of the pressure-driven mechanism, a given pressure gradient in the rear part of blade with choked tip flow certainly appears to produce a far less leakage mass flow at the transonic flow condition than in its To compare the aerodynamic performances more closely, the total aerodynamic loss is broken down into two parts, one due to the tip leakage and the other due to others sources. For each case, an extra calculation was carried out with a zero tip gap. The tip leakage loss coefficient is taken to be the difference between the overall massaveraged blade passage loss with the tip gap ( Consequently there is a noticeable reduction of the relative tip leakage loss at the transonic condition. Table 2 illustrates this feature very clearly in terms of tip  which is the tip loss relative to the overall loss, 
IV. High-Load Blading Design with Relatively Low Tip Leakage Loss
A common challenging task for a higher load blading design is to minimize the higher loss typically associated. Both options can also be used simply as a tip leakage loss limiter, so that for high load blading, the main focus for the designer is to control the profile and secondary flow losses. Option a) would need detailed blade profile changes to achieve a local load increase. Option b) can be achieved more simply by an overall load increase. Figure 10 presents the relative tip leakage loss coefficient tip  . For the nominal blading, the tip leakage loss at exit Mach number of 1.01 is relatively lower compared with the two subsonic cases. This is consistent with the contour plots presented in Fig. 7 . At the transonic flow conditions, the high load design shows interestingly a much lower relative tip leakage loss than that of the nominal. Table 3 increase. Now, the increase in the profile and secondary flow losses seems to outpace that of the overall losses. And consequently, there seems to be even a slight reduction in the tip leakage loss tip CP 0 for a high load design (Table 3) . Again with a cautionary note on the absolute loss values predicted, the attention should be paid to the qualitatively consistent At this point it should be commented that there might be some other beneficial aspects of a high-loading blading design. On the heat transfer side, the heat transfer coefficient was much lower within the transonic tip region than the subsonic region due to the low turbulence diffusion, as reported by Zhang et al. [25, 26] . A fully choked rotor tip would then have less cooling requirement due to the heat load reduction. Other advantages of a highly loaded blade include lower manufacturing costs and weight for reduced blade numbers. Also, a smaller blade count means less cooling flow required.
Finally it is recognized that all the analyses presented so far are confined to a cascade configuration with a stationary casing. Some preliminary evaluations of the influence of a moving casing have been reported by Zhang et al. [26] , O'Dowd et al [31] for the same and similar transonic blade tip configurations. Their results suggest that while a moving wall can reduce the size of the transonic region, a significant part of tip (over 40 percent) still remains transonic. There have been also other detailed experimental data and CFD analysis results with the moving casing showing a transonic nature of the over-tip flows, e.g. Green et al. [22] , Molter et al. [23] , and Tallman et al. [24] .
V. Conclusions
This paper presents a computational analysis on the HP turbine blade over tip leakage flow at a transonic condition. A particular focus is on the over-tip flow choking behavior and its important implications on loss generation mechanisms. The main conclusions are, 1) A large portion of the flow within the tip gap can be transonic in an engine realistic condition, leading to qualitatively different over tip flow structures compared to those in a low speed.
2) The local flow choking within a tip gap sets a limiter on the local over tip leakage flow rate. The decoupling between the blade loading and the over tip leakage mass flow is clearly illustrated. The existence of a choked tip flow effectively blocks the influence of the suction surface side on the over-tip flow, and hence leads to a breakdown of the pressure-driven mechanism, conventionally used in tip treatment and designs.
3) The present computational analysis indicates a clear qualitative trend that the tip leakage loss is proportionally reduced in relation to the overall loss as the blade Mach number increases.
4) The feasibility of a highly loaded blade with minimal or no additional over-tip leakage loss penalty is explored. The results of a preliminary case study for a high load design alternative indicate a positive prospect of such an approach.
